The evolutionary success of ants and other social insects is considered to be intrinsically linked to division of labor and emergent collective intelligence. The role of the brains of individual ants in generating these processes, however, is poorly understood. One genus of ant of special interest is Pheidole, which includes more than a thousand species, most of which are dimorphic, i.e. their colonies contain two subcastes of workers: minors and majors. Using confocal imaging and manual annotations, it has been demonstrated that minor and major workers of different ages of three species of Pheidole have distinct patterns of brain size and subregion scaling. However, these studies require laborious effort to quantify brain region volumes and are subject to potential bias. To address these issues, we propose a group-wise 3D registration approach to build for the first time bias-free brain atlases of intra-and inter-subcaste individuals and automatize the segmentation of new individuals.
INTRODUCTION
Ants (Hymenoptera: Formicidae), renowned for their remarkable diversity and ecological significance [1] , typically display extraordinary collective behavior [2] . The most generally accepted hypothesis explaining the great ecological success of ants relies on their striking social organization and collective behavior, characterized by worker division of labor [3] . A key question in evolutionary neurobiology concerns how ant sociality, ecology, and the ability to make accurate group decisions have impacted their brain structure.
The ant brain is a mosaic of different subregions (neuropils) that correlate with identified functions [4] : sensory perception (antennal and optic lobes), motor control and navigation (central body and subesophageal ganglion), and multi-sensorial integration, learning and memory (mushroom bodies). Using confocal imaging and manual annotations of brain regions, Muscedere & Traniello demonstrated that minor and major workers of different ages of three species of Pheidole have distinct patterns of brain size variation [5] . These differences in subregion sizes and scales reflect the intra-colony division of labor and the sociobiological characteristics of this species. However, all these results come at the cost of allocating significant time to manual record the volumes of functionally specialized brain compartments, which can always introduce a potential bias.
Recent advances in image processing, inspired in techniques developed to study the human brain, have allowed extraordinary outputs of unprecedented quality and throughput in neuroanatomical studies in honeybees [6] and fruit flies [7] . These approaches combine multiple brains in a single model or template, which statistically represents the whole species. Performing replicates is necessary to avoid biases originated in the fixation and imaging processes of the brains as well as to account for inter-individual variability. Template brains have a dual function. On one hand, transforming all samples to the same reference space allows normalizing the information from brains imaged under different conditions or image modalities. On the other hand, the anatomical regions of the reference brains are usually annotated, which produces the automatic segmentation of the registered samples.
Although many strategies have been proposed and evaluated in the last decades for the construction of brain templates in mammals [8] , only a few of them have been applied to insect brains, mainly to Drosophila [9, 10] . However, these results have not been translated yet into the ant brain community. This can be partially explained by the lack of expertmade anatomical labels and the larger morphological variability existing in the ant brain, what substantially hinders the registration process. To address these issues, we propose a two-step co-registration solution that allows the construction of atlases of intra-and inter-subcaste individuals and identify specific differences between anatomical regions. Moreover, we have evaluated our approach in a total of 50 labeled brains of 4 different Pheidole species.
MATERIALS AND METHODS

Ant brains dataset
Ant species
Pheidole, the most diverse and species rich ant genus [11] , is characterized by worker polymorphism (minor worker, major workers and, in some species, supersoldiers). Four Pheidole species, courtesy of Dr. Diana Wheelers lab at the University of Arizona, have been selected for this study: P. spadonia, P. rhea, P. tepicana and P. obtusospinosa.
Brain imaging and labeling
The immunohistochemical staining and imaging of ant brain neuropil was slightly modified from [12, 5] . We imaged 50 brains at a resolution of ∼ 0.7 × 0.7 × 5µm/voxel: 10 minor worker brains from the mentioned four species and 10 major worker brains from P. spadonia. Right brain hemispheres were manually labeled by an expert into 8 anatomical regions: optic lobes (OL), antennal lobes (AL), mushroom body medial calyx (MB-MC), mushroom body lateral calyx (MB-LC), mushroom body peduncle (MB-P), central body (CB), subesophageal ganglion (SEG) and rest of the brain (ROCB). Fig. 1 shows a 3D representation of the labels and brain samples of each type. (Image size: ∼ 600 × 600 × 80 pixels.)
Image registration and template generation
Group-wise templates were constructed using an algorithm building an average shaped brain within the diffeomorphic space. The approach uses symmetric diffeomorphic image registration (SyN) [13] with mutual information and crosscorrelation to register a group of brain images to one another. The co-registration process is refined using a classic two-step strategy. First, all of the images are registered to one brain using only an affine transformation model and mutual information as the similarity measure to optimize. The resulting images are then averaged to form an initial blurry reference brain image. Second, the original brain images are non-linearly registered to this average to create a new average that maximizes the cross-correlation of the intensities of all brains. In this second step, the registration is improved gradually at different (in our case, four) resolution levels and the result is an optimal average template.
For combining the co-registered images, we experimented first with a normalized voxel-wise average followed by sharpening with a Laplacian kernel (state-of-the-art in MRI). However, we found experimentally that an alternative strategy in which the template intensity image was generated by computing a voxel-wise median over the co-registered images produced slightly better results. The anatomical label image of the template was obtained by applying to each individual label image the diffeomorphic transformations computed from the corresponding confocal image, followed by a per-voxel majority voting over all warped label images. Individual brain images were registered against the templates using the same two-step strategy, which performs an initial affine registration with mutual information followed by non-rigid registration with SyN and cross-correlation as similarity measure. The first registration is crucial in order to compensate for the large disparities in size among the different ant species and subcastes, while the second one locally finds an optimal solution. All methods are implemented within the Advanced Normalization Tools (ANTs) software [14] .
Evaluation metrics
To evaluate the template performance, we registered test brains (not used in the template construction) against the template and transformed the template labels onto the test brain space.
We quantified the overlap ratio of the labels in the test brain space using the Dice similarity index, which provides a normalized measure of the overlap between two labels L A i and L B i . The Dice index is defined as
where |L A i | and |L A i | are respectively the number of voxels of label i in brain A and B.
To quantify the shape and boundary errors, we measure the mean symmetric Euclidean distance between the surfaces Notice both distance metrics are expressed in absolute distance units.
RESULTS
Building an ant brain template
As a proof-of-concept of our methodology, we first attempted to build intra-species and intra-subcaste templates. For that reason, we chose the 10 minor and 10 major samples from P. spadonia. Here we realized that an initial affine preregistration was needed due to the volume variability and imaging conditions. Both templates were successfully built and evaluated based on how well their consensus labels represented the sample population (see Fig. 2 ). 
Building and evaluating hybrid templates
After confirming small morphological differences of the minor sample populations using MorphoLibJ [15] (see Fig. 3 ), we decided to build and evaluate hybrid templates mixing minor samples of the different species. More specifically, we constructed one template (RTO) using all minor species except P. spadonia (with 3 brains per species) and another template (SRTO) with P. spadonia samples as well. All brains not used as part of templates, were used as test samples. Fig.  4 shows the evaluation results per label for the 4 templates we created (P. spadonia major, P. spadonia minor, RTO and SRTO). The only template built with major samples performs notably worse than the other 3, specially in the OL and CB. It is remarkable how the P. spadonia minor performs only slightly worse than RTO and SRTO even though not a single P. spadonia sample was used for testing. Fig. 5 . Inter-type deformation-based morphometry. From left to right: central view of P. spadonia minor template, Jacobian determinant of deformation from minor to major template, and P. spadonia major template. Scale bar: 100µm.
Evaluating dimorphisms
One advantage of having templates of a single type of brain is that they allow to study the main morphological differences between species and/or subcastes. Following a methodology previously contrasted for fly brains [7] , we can register for instance our P. spadonia minor and major templates to each other, and calculate the volume change of each voxel via the use of the Jacobian determinant. Once the difference in size is compensated with the affine transform, the local non-linear deformations can be visualized as a heatmap (see Fig. 5 ), emphasizing the regions of large differences.
CONCLUSIONS AND FUTURE WORK
We have presented a groupwise 3D registration strategy to build bias-free ant brain atlases of intra-and inter-subcaste individuals and automatically segment new individuals. Moreover, we have numerically evaluated the performance of the atlases using expert-made manual annotations and shown that the templates can be used to study morphological inter-and intra-species differences. To the best of our knowledge, this is the first time that such an automation has been done to quantify ant brain volumes. The extension of the current work to a much larger dataset will allow the study of the evolution of ant brain structure in relation to their ecological and evolutionary success and its basis in collective organization.
